Abstract Population viability analyses (PVA) are increasingly used in metapopulation conservation plans. Two major types of models are commonly used to assess vulnerability and to rank management options: population-based stochastic simulation models (PSM such as RAMAS or VORTEX) and stochastic patch occupancy models (SPOM). While the first set of models relies on explicit intrapatch dynamics and interpatch dispersal to predict population levels in space and time, the latter is based on spatially explicit metapopulation theory where the probability of patch occupation is predicted given the patch area and isolation (patch topology). We applied both approaches to a European tree frog (Hyla arborea) metapopulation in western Switzerland in order to evaluate the concordances of both models and their applications to conservation. Although some quantitative discrepancies appeared in terms of network occupancy and equilibrium population size, the two approaches were largely concordant regarding the ranking of patch values and sensitivities to parameters, which is encouraging given the differences in the underlying paradigms and input data.
Introduction
Metapopulation modeling is being increasingly used for the development of wildlife conservation strategies (McCullough 1996; Akçakaya and Sjö gren-Gulve 2000; Beissinger and McCullough 2002) . The understanding of the mechanisms underlying extinction, dispersal and colonization in metapopulations is a key issue that needs to be addressed in order to estimate wild populations' vulnerability. To address this issue, two major types of population viability analyses (PVA) are being used: population-based stochastic simulation models (PSM) and stochastic patch occupancy models (SPOM) (Akçakaya and Sjö gren-Gulve 2000) .
Population viability analyses based on species-specific data have been intensively exploited in metapopulation frameworks during the last decade, mainly because user-friendly softwares were made available (e.g., VORTEX and RAMAS: Lindenmayer et al. 1995; Akçakaya 2002) . Quantitative methods such as PSM present many advantages, including the ability to encapsulate all data and knowledge available for a given species and explicitly modeling intra-and interpatch dynamics. It also allows the identification, through sensitivity analysis, of specific demographic parameters on which conservation actions are most likely to be effective in order to prevent species extinctions. However, PSM suffer the drawback of requiring a large amount of population-level demographic data (e.g., fecundity and survival), information on population dynamics (e.g., stage structure, density dependence, dispersal, environmental and demographic stochasticity) in order to provide meaningful results. In PSM, the focus is mostly set on population and demographic processes rather than on habitat patches. Local populations can be structured in age classes, and demographic rates are assumed to be identical among all individuals of a given age class. Corresponding year-to-year transition matrices can be formulated in order to reflect the life history of the focal species, assuming discrete time steps. Environmental and demographic stochasticity is also implemented in those models (Akçakaya , 2002 . Such models aim at describing global population dynamics by modeling both local population dynamics and dispersal. This kind of PVA has been applied to a wide range of species, among which birds, butterflies and mammals share an important part (Akçakaya et al. 2004) . Because in most cases estimates of vital rates and/or original population sizes were inaccurate, uncertain or lacunar, the application of such models was mostly done through sensitivity analyses in order to assess vulnerability, rank management options or plan data collection (Akçakaya and Sjö gren-Gulve 2000) .
Along with the development of spatially realistic metapopulation theory (Hanski 2001; Hanski and Ovaskainen 2003) , SPOM emerged (Etienne et al. 2004 ). These models are also based on a spatially explicit patch network but do not, contrarily to PSM, explicitly describe local population dynamics. The SPOM have the ability to predict the equilibrium probability of a patch being occupied when given patch extinction and colonization probabilities. Contrarily to the PSM, this second set of metapopulation models, while requiring monitoring data on patch occupancy and/or turnover events, requires less information on the focal species vital rates, since it does not explicitly model intrapatch demography (Hanski 1994; Sjö grenGulve 1994; Sjö gren-Gulve and Ray 1996; Vos et al. 2000) . Occupancy models such as SPOM aim at estimating the equilibrium proportion of patches occupied by a focal species; they do not keep track of local population dynamics (Sjö gren-Gulve and Hanski 2000). They assume that patches are either occupied or empty, with local extinctions and colonization probabilities being dependent on the size and spatial configuration of all patches.
The first set of metapopulation models (PSM) is widely used in conservation planning (Kindvall 2000; Hels and Nachman 2002; Akçakaya et al. 2004; Schtickzelle and Baguette 2004) , while the second set (SPOM) is somewhat restricted to a more theoretical field (although applied examples exist: Hanski and Ovaskainen 2000; Thomas et al. 2001; Moilanen and Cabeza 2002; Drechsler et al. 2003) .
Although both approaches are being intensively discussed and criticized (Baguette 2004; Hanski 2004) , only a few attempts have been made to evaluate their convergences and/or divergences in a real metapopulation (Kindvall 2000; Lopez and Pfister 2001) and their potential applications to conservation management. Here, we present the development of both a demographically explicit model (using RAMAS Metapop 3.0) and a SPOM for a metapopulation of the European tree frog (Hyla arborea L., 1758). It has been previously demonstrated that European tree frog populations undergo regular extinction and recolonization events (Carlson and Edenhamn 2000; Vos et al. 2000; Schmidt and Pellet 2005) , fulfilling the metapopulation definition (Hanski and Simberloff 1997; Smith and Green 2005) . Using demographic and occupancy data, we aimed at answering the following two questions: (1) Are the two approaches concordant regarding various indicators of metapopulation persistence in time? (2) Do sensitivity analyses of model input parameters identify a single relative importance for the same parameters? We finally discuss the implications of both approaches.
Materials and methods

Species and study area
Widely distributed across the Swiss Plateau at the beginning of the 20th century, the European tree frog has regressed to the point where only a few metapopulations now remain in the country (Grossenbacher 1988; Pellet et al. 2004) . It is thus considered highly threatened in Switzerland (Schmidt and Zumbach 2005) . Breeding and oviposition take place in gravel pits, military training grounds and other temporary wetlands (Grosse and Nö llert 1993) . During the breeding period, males call conspicuously from pond shores to attract gravid females (Schneider 1993) . Counts of calling males are thus used to evaluate the size of breeding populations (Carlson and Edenhamn 2000) . The maximum number of calling males heard in a single visit each year is thought to reflect the annual breeding male population size (Edenhamn 1996; Pellet and Schmidt 2005) . The remnant metapopulation that we modeled here has been described elsewhere (Pellet et al. 2004 . It consists of 16 local populations (breeding ponds) located in a 225-km 2 area in western Switzerland, of which less than 0.5% consists of amphibian breeding ponds. Patch location is represented in Fig. 1 . Patch carrying capacity is estimated as the mean maximum number of calling males heard during 4 years of survey (2001) (2002) (2003) (2004) .
Population-based stochastic simulation model (RAMAS)
We implemented a two-stage structured demographic model in RAMAS Metapop 3.0 in which only the sex that limits reproductive capacity (females) was included (assuming a 1:1 sex ratio). Population size assumes a pre-breeding census where the count of females is expected to equal the count of calling males. The first stage included all non-reproductive yearlings, while stage two is a complementary class including all reproductive individuals. Our model assumes that all individuals become reproductive on their 2nd year (24 months after metamorphosis), based on skeletochronological studies of breeding aggregations (Friedl and Klump 1997) . The corresponding year-to-year transition Leslie matrix is thus defined as:
where f a is the effective adult fecundity (which includes sex ratio, probability of egg laying, clutch size and all pre-yearling survival rates: Vonesh and De la Cruz 2002), and s a is the yearly adult survival rate. The adult survival rate was estimated from a 4-year-long capturemark-recapture (CMR) experiment undertaken on three tree frog populations in Switzerland by Tester (1990) . Eight year-to-year adult return rates (proportion of recaptured frogs) provide us with a minimum estimate (and standard deviation) of tree frog adult survival. This mean return rate was estimated to s a =0.303 (SD=0.097). This value is consistent with our own observations in similar CMR experiments in western Switzerland (Pellet et al. 2006) .
To evaluate f a , we used an indirect approach based on the relationship given by det(L-kI)=0 (Caswell 2001) , which, assuming equilibrium population dynamics (k=1), allowed us to match fecundities to growth rate of 1 using the following formula:
The numerical resolution of (2) gave f a =2.297. All demographic rates were assumed to be affected by environmental stochasticity in a similar way (similar coefficient of variation CV). The CV on s a being estimated by SD(s a )/s a =32%, we were able to estimate SD(f a ) as f a AE32%=0.735, leading to a full transition matrix L: 
Demographic parameters at each time step of the simulations were randomly taken from lognormal distributions based on the above values. Given the above transition matrix L (3), we simulated the dynamic of a single population over 50 years. We then compared the resulting SD(k) with observed variations in the growth rate over 20 years in an isolated population near Lerchenfeld (Pellet et al. 2006) . Standard deviation on the mean growth rate was estimated as SD(k RAMAS )= 0.860, while the observed value was SD(k obs )=0.668, thus suggesting that our transition matrix provided a reasonably good approximation of environmental stochasticity.
Evidence of density-dependent regulation has been highlighted in an analysis of long-term tree frog population dynamics (Pellet et al. 2006) . We thus included a Ricker-type (linear or scramble) density dependence function for each population, assuming that density dependence affected both fecundity and survival. There is substantial evidence that density dependence can affect amphibians both in the pre-and post-metamorphic stages (Altwegg 2003) . The maximum growth rate of all populations (R max ) was estimated as the intercept of the regression of growth rates on population sizes. Populations' carrying capacities K i were defined as the mean number of calling males heard in our set of 16 populations between 2001 and 2004 (assuming a stable age distribution). The proportion of individual dispersing from patch i to j is defined as m ij ¼ a expðÀad ij Þ, where a is the intercept value of the dispersal function (or dispersal rate), 1/a is the mean dispersal distance and d ij is the distance between patches i and j. Data on European tree frog dispersal were provided by a large-scale experiment (Stumpel and Hanekamp 1986; Vos et al. 2000) that provided unbiased dispersal data (Smith and Green 2005) . On a total of 89 dispersal events, they evidenced a mean dispersal distance of 1/a=1.469 km (maximum 12.570 km). We set the yearlings' dispersal rate to a=0.2, and the adult dispersal rate was set to 10% of the yearlings' dispersal value (Sjö gren-Gulve 1994).
The demographic model was applied to our set of 16 local populations in western Switzerland ( Fig. 1 ) with initial population sizes set to values recorded in 2001 (counts of calling males, Pellet and Schmidt 2005) . The yearlings' population was set assuming stable age structure given the transition matrix L. The baseline model included 10,000 simulations over 50 years. We modified this baseline model by changing the two density dependence parameters R max and K i by +10% and -10%, thus creating a new set of two models reflecting two population growth situations (see Akçakaya 2006) .
Stochastic patch occupancy model
Our second modeling approach was derived from Hanski and Ovaskainen (2000) and Ovaskainen and Hanski (2001) . Their model is a spatially realistic version of the Levins metapopulation model in which patch size and location contribute to the dynamics of the system. The rate of change in the probability of patch i being occupied is:
where c i and e i are patch-specific colonization and extinction rates defined as:
and
respectively. A i is patch i size (or carrying capacity as defined previously), d ij is the distance between patches i and j, and 1/a is the mean species dispersal distance. In the previous equations, c and e are species-specific colonization and extinction rates, p j is the probability of patch j being occupied, and f is a scaling parameter defining the relationship between patch extinction rates e i and patch size A i . The expected equilibrium patch occupancy may then be computed and metapopulation size may be extrapolated from both patch occupancy and the population carrying capacity. Our application of this modeling approach used the same populations and carrying capacities as those used in the RAMAS model. Four additional parameters were needed to fully parameterize the model: e, c, a and f. These values were extracted from a study of tree frog metapopulation dynamics undertaken by Carlson and Edenhamn (2000) . During a 3-year study period, they estimated extinction rates as a function of patch size (defined as the count of calling males) in a set of 378 patches. Using their published data, we estimated e and f from the intercept and slope of the following regression:
with e i being the observed extinction probability and A i being the local patch size. This approach led to f=0.388 and e=0.725, with an explained variance of 87%. The species dispersal ability was again set to 1/a=1.469 km, as in the PSM. As the patch-specific colonization rate c i was not available from Carlson and Edenhamn (2000), we estimated c by minimizing the discrepancies (the sum of squared residuals) between the expected (by the SPOM) and observed patch occupancy in the metapopulation during 2001-2004. This numerical approach provided c=0.420 (R 2 = 51%). Average population size N i was computed as N i =A i p i , where A i is patch i carrying capacity and p i is the equilibrium probability of patch i being occupied.
Model output comparison
Both models provide estimates of patch occupancy [mean patch occupancy (MPO) or the proportion of patches occupied] as well as the probability of any given patch being occupied. Similarly, they supply global metapopulation sizes in addition to the local patch population size mean final population size (MFN). Because the extinction risk was too low in most simulations, it was not selected as a relevant model output. Concordance between our two baseline models regarding the probability of patch occupancy and mean local population size was evaluated using the Spearman ranked correlation coefficient.
Sensitivity analysis
Sensitivity analyses were run for both approaches. The MPO and MFN were used as sensitivity indicators (Conroy and Brook 2003) . Input parameters were changed one at a time (±50%) from the baseline model, and resulting indicator values were reported. The direction of the parameter change was always chosen such as to reduce the metapopulation occupancy and final size. Parameters were ranked according to their impact on the final indicators, and a mean rank was computed in order to summarize information on input parameter sensitivity.
Results
Comparison of baseline models
Both baseline models reach the conclusion that equilibrium patch occupancy should be around 14-15 occupied patches with a total of 200-300 callers distributed in the whole metapopulation.
Comparison of baseline models of both approaches at the patch level provides good concordance for patch ranking, both in terms of the probability of patch occupancy and of population sizes (Fig. 2) . Spearman's rank correlation between patches' MPO is good (r s =0.810; P<0.001) and very good regarding patches' MFN (r s =0.968; P<0.001). There is, however, a quantitative deviation between the two models, the PSM having close to 1.5 times larger expected population size than the SPOM. Similarly, the PSM is optimistic compared to the SPOM, with occupancy rates on average 1.5 times larger. Taken together, these results indicate a good qualitative match, but some quantitative discrepancies between the results of the two modeling approaches.
Sensitivity on the RAMAS model Sensitivity analysis (Table 1) showed that the maximum growth rate R max has a preponderant effect on both MPO and MFN. The effect is, however, much stronger on the final metapopulation size (-40% compared to the baseline model) than on patch occupancy (-5%). With a mean third rank in our sensitivity analysis, the mean dispersal distance evidences the importance of dispersal on population size and persistence. The effect of this parameter is stronger on patch occupancy (-8%) than on final metapopulation size (-2%). Similarly, the other dispersal parameter (dispersal rate a) ranks on average third, but it appears that a relatively large modification in its baseline value (-50%) modifies the final indicators MPO and MFN by less than 5%. Standard deviation on demographic rates Exp (probability of occupation) (SPOM) Exp (probability of occupation) (RAMAS) Fig. 2 Concordance between the two modeling approaches regarding probability of local patch occupation and mean final population size (±SD). Variables were transformed for clarity.
Black, gray and white dots indicate results for the baseline, +10 and -10% models, respectively Popul Ecol (2006) 48:353-361 357 also appears marginally important, not changing final indicators by more than 6%. Simulation duration appears to have virtually no impact. A ±10% modification of the baseline model density-dependence parameters had a limited effect on the outcome of the simulations (Fig. 1) .
Sensitivity on the stochastic patch occupancy models
Mean dispersal distance ranked first, again suggesting the importance of dispersal on patch occupancy (Table 2) . Species-specific colonization factor c comes second, which again appears logical from a recolonization perspective, while extinction-linked factors (e and f) both appear to be of lesser importance, ranking third and last out of four parameters.
Discussion
Model comparison and sensitivity analyses
The two metapopulation indicators (MPO and MFN) rank populations similarly even though their computation follows very different pathways. The RAMAS model, on one hand, uses local population dynamics (including stage-structured densities) to compute local population sizes and finally metapopulation patterns of occupancy in time. On the other hand, the SPOM uses patch topology and species-specific metapopulationlevel parameters to compute expected equilibrium occupancies. The latter is, therefore, more closely related (both conceptually and in terms of input data) to a metapopulation-level background, while the RAMAS model scales up from the population to the metapopulation level. Nevertheless, there is a very good qualitative concordance between the two approaches in terms of patch ranking. The quantitative discrepancies arise largely from the fact that a patch will be considered occupied in the PSM even if it is occupied by a single individual. It thus indicates that populations in the PSM are frequently unsaturated. In the SPOM, on the other hand, a population will be assumed either occupied with K i individuals or empty. Absolute predictions of PVA are known to be of limited value, and since both approaches rely on uncertain parameters, sensitivity analysis must be run in both cases in order to interpret their predictions (Taylor 1995; Ruckelshaus et al. 1997; Reed et al. 2002; McCarthy et al. 2003; Lotts et al. 2004 ) and rank the relative importance of input parameters. Because the two models rely on different input parameters, comparison of sensitivity analyses results is difficult. Nevertheless, it appears that the only parameter they share (mean dispersal distance) ranks as the most and second-most important factor in sensitivity analyses. It thus suggests that the preservation of patch density and landscape permeability is a critical conservation target for the European tree frog. Mean patch occupancy (MPO) and mean final metapopulation size (MFN) are used to rank parameters in a decreasing sensibility order Mean patch occupancy (MPO) and mean final metapopulation size (MFN) are used to rank parameters in a decreasing sensibility order
Growth rate (R max ) appears of great importance in the RAMAS sensitivity analysis. Given the large amount of change used (-50%), the growth rates slightly exceeded unity on most occasions, which increased the population's likeliness to go extinct from environmental and demographic stochasticity.
Similarly, the SD on demographic rates, which accounts for the major part of environmental stochasticity, appears to be determinant, ranking third out of six parameters.
In conclusion, it appears that although based on fundamentally different paradigms, both modeling approaches are largely concordant in terms of sensitivity to input parameters and mean terminal metapopulation size indices (MPO and MFN). Our results are concordant with Kindvall (2000) , who found the incidence function model, logistic regression and RAMAS to be similar regarding turnover rates and regional occupancy. It thus appears that SPOMs provide a lightly parameterized modeling framework that produces results very similar to those of highly parameterized models such as RAMAS, at least in terms of metapopulation persistence indicators and in the ranking of patch values.
In both cases, model parameterization represents the major issue for conservation managers. Data acquisition for both approaches can prove extremely difficult. Depending on the focal species and on data available from previous studies, estimating vital rates (for the PSM) or population turnover rates (for the SPOM) might prove extremely costly and time consuming. Careful attention must be paid to both available data and the ease of additional data acquisition when selecting an appropriate modeling strategy.
Limitations
There are several aspects of this study that limit the generality of the conclusions that can be drawn from its results. An obvious limitation is that the study considers a single metapopulation of a single species. Similar analyses with other species may result in larger differences between the two types of models studied, especially if the number of populations is changing (e.g., because of habitat fragmentation) or if the populations are declining-either because of declining carrying capacity (e.g., habitat loss or degradation in some habitat patches) or as a density-independent decline (e.g., disease or over-harvest).
Another limitation is that we only considered occupancy and population-size results. A similar analysis of a metapopulation with a substantial risk of extinction may give large differences in extinction risks predicted by the two types of models.
The validation of metapopulation models can usually rely only on the partition of the dataset, the first partition being used for model parameterization and the second for model validation (Kindvall 2000) . As our single-species dataset was too small to be partitioned (16 patches), this was an unrealistic option, as is often the case (it is recommended that SPOM be parametrized with larger networks of 30 or more patches, Hanski 1999). Our aim was not to validate the models (which would pose circularity problems given that the parameters were not estimated independently of the patterns observed; see Akçakaya and Sjö gren-Gulve 2000; Coulson et al. 2001; Hels and Nachman 2002) , but instead to compare their results in terms of ranking of both the values of patches and sensitivity of parameters.
An important limitation of our SPOM is the assumption of equilibrium (stead-state). Many species of conservation concern are declining for various reasons, which invalidates this assumption. In a PSM, such declines are modeled in various ways, e.g., by a gradually declining carrying capacity or by a density-independent decline due to low survival or fecundity. In addition, habitat loss is often accompanied by habitat fragmentation in which the number of patches increases as they split and become smaller. Such changes are incorporated in PSM, but not in SPOM, which severely limits the applicability of SPOM to threatened species.
We assumed in both models that carrying capacities would remain constant (Hanski 2001; Hanski and Ovaskainen 2003; Etienne et al. 2004) , which is unlikely to hold since natural succession changes habitat quality. There also is abundant evidence that habitat quality is more important than patch topology in predicting metapopulation dynamics (Thomas et al. 2001; Fleishman et al. 2002; Baguette 2004) . Furthermore, the SPOM is assumed to be parameterized from data on steady-state metapopulations. Again, our shortterm metapopulation monitoring (2001) (2002) (2003) (2004) as well as the data provided by Carlson and Edenhamn (2000) are unlikely to fulfill this assumption. Furthermore, our models assume that both demographic rates and landscape structure (patch size and location and dispersing matrix) will remain stable in the future. Because both assumptions are unlikely to hold in an urbanizing landscape (Pellet et al. 2004) , the results of our models are weakened (Meir et al. 2004 ).
Conservation implications
These metapopulation approaches allow the identification of the critical parameters for the persistence of a European tree frog metapopulation. Both models highlight the importance of dispersal distance. Since it is known that H. arborea is an excellent disperser (Stumpel and Hanekamp 1986; Edenhamn 1996) , it indicates that the actual density of the pond is at the low end of the species' requirements. Although patches are not extremely distant from one another (median=1.54 km; mean=2.17 km; SD=2.06 km), the mean dispersal distance of H. arborea (1.47 km) seems just enough to maintain exchanges between local populations and ensure recolonization. This suggests that patch density is a limiting factor for the European tree frog in our landscape. It is yet another example of the detrimental effects of habitat loss and fragmentation for amphibians (Semlitsch and Bodie 1998; Vos and Chardon 1998; Lehtinen et al. 1999; Marsh and Trenham 2001) to which the European tree frog appears to be extremely sensitive (Edenhamn 1996; Vos et al. 2000) . A conservation rule of thumb deduced from our results would be to have a least one suitable pond per km 2 , thus allowing frogs to maintain sufficient exchanges between patches given their actual mean dispersal distances in agricultural landscapes.
From a modeling perspective, our results also suggest that the solid theoretical framework associated with the SPOM (Hanski and Ovaskainen 2000; Ovaskainen and Hanski 2001 ) allows a rapid evaluation of metapopulation processes without requiring extensive data on the demography of the focal species. Additionally, their method allows computing the contribution of any new patch to the metapopulation dynamics . This feature, which is also available within classic PSM such as RAMAS or VORTEX, has a direct conservation application because it allows managers to map the contribution of any new patch in the landscape given its size and location (topology). The combination of such spatially explicit PVA with landscape-scale habitat suitability mapping can certainly help us bridge two fundamental and complementary approaches in threatened species management by identifying the best location for patch creation both from a landscape and a metapopulation perspective.
